Hydride precipitation and distribution in hot-rolled and annealed Zircaloy-4 plate samples artificially induced by gaseous hydrogen charging were studied primarily by neutron tomography, scanning electron microscopy (SEM), and SEM-based electron backscattered diffraction techniques. The precipitated hydride platelet (d-ZrH 1.66 ) at a hydrogen pressure of 20 atm was found following the {111} d-ZrH1.66 //(0001) a-Zr with the surrounding a-Zr matrix. The microstructural characterization indicated that hydrides with a relatively uniform distribution were precipitated on the rolling-transverse section of the plate, whereas, on the normal-transverse section, a hydride concentration gradient was present with a dense hydride layer near the surface. Further, the neutron tomography investigations clearly identified the nonuniform spatial distribution of hydrides. Thin hydride layers preferentially formed on the sample surface, and the concentrated hydrides precipitating at the edges/ corner of the sample were observed. The causes for the localized hydride accumulation were also discussed.
I. INTRODUCTION
THE zirconium alloy, Zircaloy-4 (Zr-4), is used extensively in nuclear reactors as a key structural material (for example, as a fuel cladding material or for research reactor reflector vessels) because of its attractive combination of low neutron absorption cross section, good corrosion resistance, and excellent mechanical properties. [1, 2] However, formation of brittle hydrides in Zr-4 during service will result in a decreased ductility and fracture toughness of the material. Moreover, some Zr-4 components are susceptible to a crack initiation and propagation process called delayed hydride cracking (DHC), potentially reducing their usable lifetime. [3, 4] Hydride formation is a complicated process, influenced by several factors including the microstructure and texture of Zr-4, applied or residual stresses, and temperature gradients. [4, 5] So far, research on the precipitation and distribution of hydrides in Zr-4 acting as a fracture initiator has received considerable attention. [5, 6] Observation of hydride formation in Zr-4 alloys has been conducted via various techniques such as X-ray diffraction, optical or electron microscopy, and electron backscattered diffraction (EBSD). [1, 2, 4] Sufficient information in terms of the phase, morphology, and size of hydrides, and the orientation relationship between the hydride and matrix phases can be derived from these investigations. For example, the thin platelet morphology of d-hydride (ZrH 1.66 ), the most common hydride phase in practical reactor conditions, has been directly observed through the destruction metallographic examination using optical or scanning electron microscopy (SEM). [7] Nevertheless, owing to the restricted areas of detection, the hydride distribution on the macroscopic or spatial scales cannot be well examined by the approaches above. Neutron tomography, as a nondestructive tool for materials testing, enables the inspection of bulk samples containing low-atomic-number elements (especially hydrogen) beneath the matrixes. This technique has been used to investigate the formation of hydride blisters [8] and hydrogen concentration [9] [10] [11] in zirconium alloys. The characterization using neutron tomography and other metallographic detection methods could essentially provide an overall description of the spatial distribution and microstructural features of hydrides. In the current study, neutron tomography together with SEM and EBSD approaches were primarily applied to characterize the hydride-formation behaviors induced by gaseous hydrogen charging in Zr-4 plate samples, with the special emphasis on revealing the distribution features of hydrides.
II. EXPERIMENTAL PROCEDURE

A. Samples
Hot-rolled and annealed Zr-4 plate samples with a chemical composition of Zr 98.11 Sn 1.56 Fe 0.22 Cr 0.11 O 0.14 (wt pct) were used in the current study. The samples for hydrogenation had irregular shapes and a maximum length of~12 mm. The samples were first immersed in an acid solution of 10 mL HF, 45 mL HNO 3 , and 10 mL distilled water for 2 minutes to remove the native oxide layer present on the surface, and then gaseously hydrided in a Sieverts apparatus (Advanced Materials Corporation) using high purity hydrogen (99.9 pct) at pressures of 10 and 20 atm. Three identical thermal cycling processes were conducted to prepare the hydrided samples. For each thermal cycle, the samples were soaked at a temperature of 723 K (450°C) for 5 hours, followed by furnace cooling with a cooling rate of 275.3 K (~2.2°C) per minute.
B. Characterization
The phases of the as-received and hydrided Zr-4 samples were identified by a GBC MMA X-ray diffractometer (XRD) with Cu Ka radiation (k = 0.15418 nm) at 28.6 mA and 35 kV, using a continuous-scan mode. A quick scan of 4 deg/min was initially performed over a wide range of 2h = 30 to 110 deg for all samples. A slower scan rate of 1 deg/min was further used over 2h = 31 to 34 deg and 63 to 66 deg to insure a more accurate determination of the diffraction peaks. Samples for metallographic examinations were cut, mounted in epoxy casts, and then mechanically polished to 1200 grit silicon carbide paper, followed by chemical etching using a solution consisting of 10 mL HF, 100 mL HNO 3 , and 100 mL distilled water for 30 seconds. Microstructures of the hydrided and the unhydrided samples were characterized using a JEOL JSM-6490LA SEM at an accelerating voltage of 20 kV. The EBSD observation was also conducted on the 20-atm-hydrided sample using a Zeiss Ultra Plus field emission gun SEM equipped with an Oxford/HKL system operating at 30 kV. The sample for EBSD analysis was prepared by electrolytic polishing applying an electrolyte consisting of 95 pct CH 3 OH and 5 pct HClO 4 at 30 V DC and at 298 K (25°C). The Vickers microhardness was determined using a LECO M-400-H1 microhardness tester at a load of 0.3 kg and an indentation dwelling time of 12 seconds. An average of 12 indents was taken for each sample.
The neutron tomography investigations on a selected sample hydrided at 20 atm were conducted at the ICON beamline (SINQ, PSI Villigen, Switzerland) using the micro-tomography setup. [12] The sample stage used for this experiment consists of a motorized positioning system and a turn-table allowing the tomographic imaging in the range of 360 deg. A detector system based on a combination of a scintillator screen and a CCD-camera was applied to acquire the images for tomography. During the tomographic imaging, the sample was rotated about its axis at a given angular step of 0.3 deg and radiographic projections were taken for each rotation step. These radiographs were then reconstructed to obtain the 3D tomographic images of the sample using the reconstruction software Octopus 8.5 and the visualization tool VGStudio MAX 2.1 package.
III. RESULTS AND DISCUSSION
A. Phase Identification and Quantification
Typical XRD patterns of the as-received and the hydrided Zr-4 samples at different hydrogen pressures are shown in Figure 1 . Clearly, a single hexagonal-closepacked (hcp) a-Zr (JCPDS Card No. 05-0665) was detected in the as-received sample. When hydriding at hydrogen pressures of 10 and 20 atm, face-centeredcubic (fcc) d-ZrH 1.66 (JCPDS Card No. 34-0649) and a-Zr were identified. The diffraction peaks of d-ZrH 1.66 became more intense in the 20-atm-hydrided sample than that of the 10-atm-hydrided sample. Furthermore, with the hydriding pressure rising from 10 to 20 atm, the peak intensity ratios I dð111Þ =I að10 " 10Þ and I dð200Þ =I að10 " 11Þ increased significantly, from 2.34 to 15.1, and from 0.04 to 0.46, respectively, indicating an increase in the volume fraction of the formed d-hydride at a higher hydrogen pressure. A semi-quantitative phase analysis for the d-hydride volume fractions and hydrogen contents was also performed by comparing the integrated intensities of the d-hydride and a-Zr peaks using the procedure and weighting factors described in literature. [13] The volume ratio of d-ZrH 1.66 and a-Zr phases can be estimated according to the following equation [14] :
where, for a specific peak, t is the unit cell volume (m 3 ), F hkl is the structure factor of the lattice cell, P is the multiplicity factor, 1 þ cos 2 2h À Á sin 2 h cos h À Á is the angle factor, and M is a parameter related to the average displacement of an atom from its mean position. For the hydrided samples processed at 10 and 20 atm, the ratios of the intensity of the strongest diffraction peaks of d-ZrH 1.66 (111) and a-Zr (0002), I dð111Þ =I að0002Þ , were 0.1 and 0.9, respectively. The volume fractions V d of the d-hydride phase in the 10-and 20-atm-hydrided samples can thus be calculated to be 1 and 10 pct, respectively. From the calculation results of V d , the corresponding hydrogen contents [H] were then estimated to be 182 and 1584 ppm, respectively, using the following equation [13] :
where ½H d is the hydrogen content of d-ZrH 1.66 phase, q d is the density of d-hydride at room temperature (~5.65 g/cm 3 ), and q aÀZr is the density of a-Zr at room temperature (~6.51 g/cm 3 ). It should be pointed out that, owing to the limited penetration depth of the laboratory X-ray Cu Ka radiation in the hydrided Zr-4 samples (~10 lm), [15] the XRD analysis results only represented the semi-quantitative information of the average hydride/hydrogen contents in the irradiated surface regions. Figure 2 depicts a further fine scan result for the diffraction peaks of the hydrided samples in the vicinity of the standard d-ZrH 1.66 hydride peaks. In general, the identified d-hydride peaks shifted toward higher Bragg angles. This displacement is probably caused by the expected compressive stress from hydride precipitation because of the constraint of a-Zr grains, [13] as there is an appreciable volume expansion of 17.2 pct for d-hydride compared to the a-Zr matrix. [16] Such compressive stress within hydrides has already been manifested by the recent synchrotron X-ray diffraction experiments. [17] Moreover, at a relatively low hydriding pressure of 10 atm, the positions of the d-hydride peaks shifted slightly toward higher 2h in comparison with those of the standard hydride peaks, with the d(111) peak shifted by %0.048 deg and d(311) peak by %0.057 deg. When the hydriding pressure was increased to 20 atm, a marked shift for the positions of the d-hydride peaks reaching 0.36 to 0.48 deg in the higher 2h direction was visible. As the volume fraction of the hydrides formed increases with the increasing hydrogen pressure, a larger compressive stress in the hydrides is induced. Thus, a significant displacement of hydride peak locations would occur, and this was observed in the hydrided sample at 20 atm (Figure 2) .
on RD-TD (rolling direction-transverse direction) sections of the as-received and the hydrided Zr-4 samples. The as-received matrix had equiaxed grains, while the microstructures of the hydrided samples showed a mixture of equiaxed grains and platelet-shaped hydrides. Hydride platelets were observed to generally align along the RD direction in RD-TD planes, consistent with the results given by Kiran Kumar et al. [1] and Oh et al. [18] Further, it was found that a higher volume fraction of hydrides together with longer hydride platelets formed in the 20-atm-hydrided Zr-4 in contrast to that in the 10-atm-hydrided sample (Figures 3(b) and (c) ). As revealed in our previous study, [19, 20] a higher hydrogen absorption at the elevated hydriding pressure is yielded, favoring the growth of hydride platelets and resulting in the precipitation of a larger amount of hydrides. The Vickers microhardness values for the matrix and the hydrided samples are also shown in Figure 3(d) . The microhardness was measured on the RD-TD sections in 12 different positions, and the reported microhardness is the average of these measurements. As expected, the microhardness increases with increasing the hydride volume fraction (i.e., increasing the hydriding pressure). The microhardness of the Zr-4 matrix was 205 HV 0.3 , which increased to 224 HV 0.3 for the sample hydrided at 10 atm. For the sample hydrided at 20 atm, the microhardness was further elevated to 244 HV 0.3 . This increase in the microhardness is ascribed to the matrix hardening effect induced by hydrides that are embedded in the Zr-4 matrix. [21] Besides, the considerably inhomogeneous hydride distribution in the 10-atmhydrided sample (Figure 3(b) ) resulted in a significant fluctuation of microhardness (as reflected by the large error bar). In contrast, a relatively uniform distribution of the microhardness was achieved in the 20-atmhydrided sample on the RD-TD section because of the formation of homogenously dispersed hydrides (Figure 3(c) ). Figure 4 (a) clearly reveals the precipitation of inter and intragranular hydride platelets (the region marked in red color). Moreover, the crystallographic orientation relationship between the d-hydride precipitate and a-Zr matrix was analyzed using the pole figure method. [1] As representatively illustrated in Figure 4 (b), both intergranular (location ''a'' in Figure 4 (a)) and intragranular (location ''c'' in Figure 4 (a)) hydrides were found following the {111} d-ZrH1.66 //(0001) a-Zr with the surrounding a-Zr matrix. This hydride-matrix correlation was also reported in Zricaloy-2 [22, 23] and Zr-2.5Nb [24] alloys. The prevalence of this crystallographic relation essentially results from the preferred lattice matching of the involved (0001) a-Zr and {111} d-ZrH1.66 atomic planes, [25] which may contribute to minimize the strain energy associated with the hydride formation in the matrix. Additionally, a local misorientation map corresponding to the microstructure shown in Figure 4 (a) is presented in Figure 4 (c). The local misorientation within individual grains or intragranular misorientation reflects the extent of the strain (elastic or plastic) in the grains. In conjunction with the EBSD phase map (Figure 4(a) ), this local misorientation map visualizes the strain distribution in the a-Zr and d-hydride phases on a microstructural level and clearly indicates the higher strain level in the d-hydride phase. This conclusion is further supported by the finding of the specific grain average misorientation (GAM) plot shown in Figure 4(d) , which quantitatively reveals a higher development of GAM in the d-hydride phase. The observed substantial GAM or strain in d-ZrH 1.66 is attributed to the accommodation of large dilatational misfit strain associated with the a-Zr (hcp) fi d-ZrH 1.66 (fcc) transformation through the elastic lattice distortion or the generation of misfit dislocations. [6] During the hydride transition, it is speculated that the local misorientation is comprehensively developed in all hydride grains. In contrast, the local misorientation is generated only partially in some limited a-Zr grains adjacent to hydrides. Thus, a much more significant development of GAM in hydrides was found compared with the a-Zr matrix (Figure 4(d) ). This analysis concerning the GAM partition in different phases is evidenced by the transmission electron microscopy (TEM) investigation by Bai et al., [26] suggesting a much higher dislocation density inside hydrides than the surrounding matrix.
The typical microtextures for the a-Zr and d-ZrH 1.66 phases in the 20-atm-hydrided sample, obtained from the EBSD measurement, are shown in Figure 5 . As depicted in Figure 5(a) , the a-Zr texture presents a Figure 5(b) ). Besides, it is interesting to find that the maxima of the a-Zr basal pole and the d-ZrH 1.66 (111) pole are almost at the same locations in their pole figures ( Figure 5 ). This suggests that the {111} lattice planes of d-ZrH 1.66 predominately tend to orient parallel to the (0002) basal plane of the matrix, which is in line with the current finding based on Figure 4 (b) and the previous report. [1] The hydride morphology and distribution on the ND-TD (normal direction-transverse direction) section of the 20-atm-hydrided sample was also examined, as shown in Figure 6 (a). There is an apparent hydride concentration gradient along the thickness direction (ND), and three regions with morphological differences are observed, i.e., Region (I): near the sample surface, hydrides locally concentrate and form the almost dense hydride layer; Region (II): below the dense hydride layer, the hydride volume fraction decreases progressively; and Region (III): far away from the surface, lessconcentrated hydrides exhibiting a relatively uniform distribution in the Zr-4 matrix. It is well known that a nearly dense hydride layer (called hydride rim) usually appears near the outer surface of the zirconium alloy cladding materials in the reactor service conditions, mainly owing to the radial temperature gradient present during the operation. [27, 28] This hydride layer was also observed in previous studies [13, 27, 29] and the current study ( Figure 6(a) ) under the artificial gaseous hydriding conditions. However, in the current hydriding conditions [soaked at 723 K (450°C) for 5 hours in each thermal cycle], no significant temperature gradient could be present in the hydrided sample, given the fact that the sample size is in the order of millimeters. On the other hand, it is speculated that hydrides will first form at the surface region naturally because the solid solubility limit of hydrogen (i.e., the hydrogen saturation) will be reached there first. In addition, the effective hydrogen diffusion coefficient in the highly hydrided zone should be smaller than that in the region with lower hydride density, resulting in a blocking effect for hydrogen ingress into the bulk of the sample and the attendant preferential hydride accumulation near the surface. Figure 6 (b) further depicts the microhardness profile measured along the thickness direction (ND) on the ND-TD section of the sample hydrided at 20 atm. This reveals that, in conjunction with the SEM studies on microstructural features of the indentation morphology and hydride distribution at the various positions (insets in Figure 6 (b)), there is a strong correlation between the microhardness and hydride volume fraction. At the position (~938 lm from the surface) with low hydride content, the microhardness of 205 HV 0.3 was measured, whereas the highly concentrated hydrides near the sample surface (at a distance of~150 lm from the surface) resulted in the microhardness as high as 297 HV 0.3 . As indicated by the microstructures of indentations (insets in Figure 6(b) ), the accumulated hydrides enhanced the resistance to the local plastic deformation, thereby leading to the microhardness increase. Figure 7 presents the various views of the reconstructed 3D volume of the 20-atm-hydrided sample. Since hydrogen has a much higher neutron attenuation coefficient than that of zirconium, the areas of higher attenuation shown as lighter gray in the reconstructed grayscale images indicate the presence of hydrides. The presence of an inhomogeneous spatial distribution of hydrides could be clearly identified from these tomographic images. Thin hydride layers were directly observed on the sample surfaces, which further verified the fact that some hydride layers appeared on the surface as previously implied by the sectional microstructural examination (Figure 6(a) ). Besides the ''surface effect'' detected, it appears to be another ''edge effect'' for the hydride formation. Specifically, the concentrated hydrides precipitated at the edges (Figures 7(b) and (c) ) and the sharp corner (Figure 7(d) ) of the sample. It is considered that the likely occurrence of 3D diffusion of hydrogen at sample edges (two adjacent free surfaces) and the corner (three or more adjacent free surfaces) enhanced the hydrogen ingress into the sample and subsequently facilitated the formation of concentrated hydrides at these regions (Figures 7(b) through (d) ).
C. Hydride Spatial Distribution Analysis
IV. CONCLUSIONS
The microscopic and macroscopic observations on the hydride precipitation and distribution behaviors in Zr-4 plates were performed. The d-ZrH 1.66 hydrides in the form of platelets (volume fraction~10 pct) were precipitated in the matrix when hydriding at a pressure of 20 atm. Moreover, the orientation relationship between a-Zr and d-hydride precipitate was {111} d-ZrH1.66 // (0001) a-Zr . The metallographic examinations demonstrated that hydrides showed a relatively uniform distribution on the RD-TD section of the plate, while on the ND-TD section a hydride concentration gradient was present with a dense hydride layer near the surface demonstrating the corresponding highest microhardness of 297 HV 0.3 . The macroscopic inspections using neutron tomography clearly revealed that there was a certain degree of inhomogeneity for the spatial distribution of hydrides. Thin hydride layers on the samples surface and concentrated hydrides at the edges/corner were observed. It is assumed that the formation of thin hydride layers on the sample surfaces (a so-called ''surface effect'') is mainly attributed to the preferential hydrogen saturation and accumulation near the sample surface. The 3D diffusion of hydrogen possibly occurred at the sample edges and the corner, thus enhancing the hydrogen uptake into the sample and further facilitating the precipitation of concentrated hydrides at the sample edges/corner regions (the so-called edge effect).
